ABSTRACT A rotatable and deployable sleeve mechanism using a longitudinal-bending composite piezoelectric actuator was designed, fabricated, and tested. A two-DOF piezoelectric actuator with single driving foot was designed to work as the driver of the deployable sleeve mechanism: it could push the inner sleeve with linear, rotary, or spiral stretching motions, which was controlled easily by applying different exciting signals. The stretching principles of the proposed deployable sleeve mechanism were illustrated in detail and verified by means of the finite element method. A prototype of the two-DOF piezoelectric actuator was fabricated and the deployable sleeve mechanism was assembled. The mechanical output characteristics of the inner sleeve were tested and discussed. The proposed deployable sleeve mechanism achieved the maximum linear and rotary stretching speeds of 530 mm/s and 240 • /s when the voltage amplitudes and exciting frequencies were 300 V p−p and 22.35 kHz. The spiral stretching ability of the deployable sleeve mechanism was validated experimentally. The linear and rotary stretching displacement resolutions of the inner sleeve were tested to be about 2 µm and 0.0014 • , respectively. The proposed deployable sleeve mechanism obtained quick transient response characteristics with a starting time of 28 ms and a stopping time of 20 ms.
I. INTRODUCTION
The deployable mechanisms that realize the stretching functions of the aerospace devices have raised extensive concerns in recent decades with the rapid advancements in the aerospace field [1] - [5] . As the most widely used type, the deployable sleeve mechanisms were composed of several coaxial deployable elements and applied widely in the fields of small satellites, solar sails and wireless antennas [6] - [8] . Most of the existing deployable sleeve mechanisms could usually only realize the basic stretching motion along axial direction, such as the deployable sleeve mechanism with multilevel nested structures proposed by Fernandez et al. could only stretch along its axis [9] . In some special cases, the deployable sleeve mechanisms are also expected to have rotary motion ability besides the basic stretching function. The current sleeve mechanisms usually employed screw rods to stretch and they generally required additional mechanical devices to realize the multi-DOF stretching motions, which made the whole system large, heavy and complicated [10] . Furthermore, the electromagnetic motors are the mainly used power source for deployable sleeve mechanisms, which makes them be affected seriously or even cannot work in strong magnetic environment.
The piezoelectric actuators have attracted wide attentions by the scholars due to the advantages of simple structure, quick response and large force weight ratio [11] - [16] , and they have been used successfully in precision positioning systems and precise machines [17] , [18] . The self-locking when power off and lack of electromagnetic interference are the unique merits for piezoelectric actuators in contrast to the electromagnetic motors, which make them be good candidates for the application in strong magnetic field [19] - [24] . The multi-DOF piezoelectric actuators and their control methods have been investigated extensively. For example, Aktakka et al. designed a 6-DOF stage using eight multi-axis distributed unimorph T-beams and this stage had a compact size in thickness [25] . Cai et al. [26] presented a 6-DOF piezo-stage by integrating six stacks in a monolithic mechanism and a discrete-time model predictive controller was used to reduce the tracking errors. Schindlbeck et al. [27] proposed an online compensator for a 3-DOF stage utilizing a modified Prandtl-Ishlinskii model with recursive database for compensating the nonlinearities. Most of these stages usually operate at non-resonant states, and they have lower speeds or even limited strokes. Lots of multi-DOF piezoelectric actuators composed of single transducer via the composition of different vibration modes have been provided up to present. For instance, Yang et al. designed a sandwichtype multi-DOF piezoelectric actuator with hybrid exciting method and this actuator could output the rotary motions around three coordinate axes with the maximum velocity of 290.8 rpm [28] . Shi et al. [29] presented a three-DOF rotary piezoelectric actuator for humanoid eyeball orientation system by compositing the axial bending mode and in-plane non-axisymmetric mode of a ring-type stator. Goda et al. [30] proposed a compact three-DOF spherical piezoelectric actuator via the composition of the vertical mode and transverse mode of a thin disk-type vibrator. Aoyagi et al. [31] fabricated a multi-DOF piezoelectric actuator by means of thick-film printed PZT technology, and three vibration modes excited by a thick-film stator were used to form elliptical vibrations to rotate the rotor around three axes. A two-DOF single-crystal piezoelectric actuator was presented by Chen et al., [32] and this actuator employed two bending modes and one longitudinal mode to drive a plate-type slider linearly along two orthogonal directions. Takemura et al. [33] used the first longitudinal mode and two second bending modes of a sandwich transducer to provide a 3-DOF rotary ultrasonic motor. It can be seen that the existing multi-DOF piezoelectric actuators can only output linear or rotary motions separately [34] - [37] . There are few reports on the resonant multi-DOF actuators that realize both linear and rotary motions simultaneously in the literature except series of bonded-type rotary-linear ultrasonic motors presented by Mashimo and Toyama [38] , [39] , which limits further application of the piezoelectric actuators in some special occasions.
A rotatable and deployable sleeve mechanism using a two-DOF piezoelectric actuator, which can realize rotary motion or even spiral motion besides the basic linear stretching function, is proposed in this study. The structure of the proposed deployable sleeve mechanism is presented and the used two-DOF actuator is designed. Three desired vibration modes of the piezoelectric actuator are confirmed and the stretching motion principles of the inner sleeve are illustrated. The prototype of the proposed deployable sleeve mechanism is fabricated, and then its mechanical output characteristics are tested and discussed, which is followed by the conclusion in the last section. 
II. STRUCTURE OF THE SLEEVE MECHANISM
The rotatable and deployable sleeve mechanism mainly includes an outer sleeve, an inner sleeve, four universal ball bearings and a two-DOF piezoelectric actuator, as shown in Figure 1 . The outer sleeve has a rectangular cross-section and its width along X axis and height along Y axis are 225 mm and 190 mm, respectively; whereas, the inner sleeve has an annular cross-section, whose inner diameter and outer diameter are 151 mm and 160 mm. The two-DOF piezoelectric actuator is fastened on the outer sleeve via clamping blocks by employing some bolts and nuts, and its driving foot with a piece of friction plate (Copper-base powder metallurgy material) contacts with the inner sleeve. The universal ball bearings pointing towards the center of the inner sleeve are fixed on the outer sleeve via bearing supports, and they are used to support the inner sleeve to realize its linear, rotary or spatial stretching motions. The total lengths of the outer sleeve and the inner sleeve along Z axis are 500 mm and 480 mm, respectively.
The configuration of the two-DOF piezoelectric actuator used in the proposed rotatable and deployable sleeve mechanism is shown in Figure 2 , which contains a driving foot with two horns, eight PZT_B ceramics, four PZT_LB ceramics with two independent polarizations, two end parts and some electrodes. These components are arranged symmetrically about the driving foot. The driving foot is set at the middle of the two-DOF actuator, and then the second longitudinal vibration mode along Z axis (that is the L 2Z mode) is needed. Besides, two orthogonal fifth bending vibration modes along X and Y axes (B 5X and B 5Y modes) are employed. Thus, three alternating exciting signals with the same voltage amplitudes and exciting frequencies are required to excite these three desired vibration modes. The electrodes are divided into the PZT_LB electrodes, PZT_B electrodes and GND electrodes. Two PZT_LB electrodes are set between the PZT_LB ceramics to excite the B 5X mode or the L 2Z mode by applying two exciting signals with opposite or identical phases on the left and right PZT_LB electrodes, respectively. The PZT_B electrodes are set between the PZT_B ceramics to excite the B 5Y mode. The GND electrodes between the PZT_LB ceramics and the PZT_B ceramics connect with ground. The PZT_LB ceramics and PZT_B ceramics are polarized along Z axis and they are showed by ''+'' and ''−'' symbols. The end parts with thin-beam structures are arranged at the wave nodes of the B 5X mode and B 5Y mode to reduce their influences on the vibrations.
III. PRINCIPLES OF THE SLEEVE MECHANISM
Series of modal analyses were performed in ANSYS 10.0 to realize frequency degeneration of the two-DOF actuator and determine its desired vibration modes. The element type of solid227 was employed to generate the finite element model of the actuator (This element has ten nodes with up to five degrees of freedom per node and it is very suitable for piezoelectric analysis). It should be noted that the electrodes and glue layers are too thin to mesh and they are neglected in the simulation. The materials of the driving foot, end part and PZT ceramics were selected as duralumin alloy, steel and PZT-4, respectively, and their physical material properties including mass density, young modulus and passion ratio were listed in Table 1 . The density of PZT ceramics is 7600 kg/m 3 and its other physical parameters are listed as follows. Here,d, c E , and ε T stand for the piezoelectric matrix, stiffness matrix and dielectric matrix, respectively. 
The main structural parameters of the two-DOF actuator are shown in Figure 3 . The frequency of L 2Z mode is sensitive to the length while the frequencies of B 5X and B 5Y modes are sensitive to both the length and the cross-section sizes, thus the length and cross-section sizes of the actuator are selected as the main parameters to tune the resonance frequencies. It should be stated that some geometric sizes of the actuator should be maintained as constant values like the height of driving foot, the cross-sections connecting to PZT ceramics of end parts and horn according to the sizes of the ceramics. Then some other geometric dimensions are adjusted slightly to make the three desired vibration modes have nearly the same frequencies. The sensitivities of these parameters (t f , d f , t b and b f ) on the resonance frequencies are plotted in Figure 4 . It can be seen that the parameters t f and d f have obvious influences on the resonance frequencies. The three frequencies decrease and increase distinctly with increasing t f and d f , respectively. The parameter t b has obvious effect on the B 5X mode and B 5Y mode than L 2Z mode, while b f has distinct effect on the L 2Z mode than other two bending modes. Thus, these structural parameters can be used to tune the resonance frequencies of three desired modes.
The final dimensions of the actuator are listed in Table 2 based on the sensitivity analysis results. The thickness of electrode is 0.2 mm and the whole sizes of the piezoelectric actuator are 196 mm, 57 mm and 35 mm along Z, X and Y directions, respectively. Then, the modal analysis results of the three desired vibration modes of the actuator are shown in Figure 5 . It can be seen that the resonance frequencies of the B 5Y mode along Y axis, B 5X mode along X axis and L 2Z mode along Z axis are calculated as 22.544 kHz, 22.630 kHz and 22.619 kHz, respectively. The resonance frequencies of the three desired vibration modes are close to each other and their frequency degeneration is realized. There has a minor difference of 86 Hz between the B 5Y mode and the B 5X mode, which is mainly caused by the end parts with thin-beams. The meshing of actuator in ANSYS also can lead to such minor difference, which means that the elements of FEM model are not absolutely symmetrical along X and Y axes. The sensitive structural parameters for the longitudinal mode and bending mode are different. Thus, it's very difficult to tune the frequencies of the longitudinal mode and bending mode to be an absolutely identical value.
The linear stretching motion principle of the inner sleeve along Z axis in one period (T ) is illustrated in Figure 6 , which is realized by the composition of the L 2Z mode along Z axis and the B 5Y mode along Y axis. These two vibration modes are perpendicular to each other both in space and time when the phase shift between the exciting signals applied on the PZT_LB and PZT_B electrodes is 90 • . Then the elliptical motion in YOZ plane is formed on the driving foot. The vibration of B 5Y mode along Y axis presses the inner sleeve and the vibration of L 2Z mode along Z axis is used to move the inner sleeve linearly along Z axis. Thus, the continuous linear stretching motion of the proposed sleeve mechanism is achieved by repeating such process. The linear motion direction can be reversed by changing the phase shift of the exciting signals as −90 • .
The rotary stretching motion principle of the proposed sleeve mechanism around Z axis is shown in Figure 7 , which is realized by the hybrid of B 5X mode along X axis and B 5Y mode along Y axis. The two modes are orthogonal both in space and time under the phase shift between the signals on PZT_B and left PZT_LB electrodes of 90 • , and then elliptical vibration in XOY plane is generated on the driving foot. The B 5Y mode is used to press the inner sleeve, while the B 5X mode rotates the inner sleeve around Z axis. The proposed deployable sleeve mechanism can be driven continuously around Z axis by repeating such operating process. The inner sleeve can be rotated reversely when the phase shift is −90 • . According to the above descriptions, the L 2Z and B 5X composite vibration mode can be excited together when the phase shift between the two exciting signals applied on the left and right PZT_LB electrodes changes from 0 to 180 • . Then, three-dimensional elliptical vibrations will be formed on the driving foot when the phase shift of the exciting signals applied on the left PZT_LB and PZT_B electrodes is 90 • , which can realize the spiral stretching motion of the inner sleeve in principle.
FIGURE 8. Elliptical vibration trajectories of driving foot for the linear motion along Z axis and rotary motion around Z axis.
Transient analyses of the two-DOF piezoelectric actuator were carried out by ANSYS 10.0 to clarify the linear and rotary stretching motion principles further. During transient simulations, the voltage amplitudes, exciting frequencies and relevant phase shifts were set as 100 V rms , 22.619 kHz and 90 • , respectively. The vibration displacements in the last one period of one point located on the driving foot were extracted, as shown in Figure 8 . It can be seen that the trajectory in XOY plane is an ellipse with the maximum vibration amplitudes of 3.2 µm and 1.6 µm along X and Y axes, which is used to realize the rotary stretching motion around Z axis of the inner sleeve. The elliptical vibration trajectory in YOZ plane is employed to realize the linear stretching motion along Z axis, and the maximum vibration amplitudes along Y and Z axes are calculated as 1.6 µm and 3.8 µm. The transient analysis results validate effectively the stretching principles of the pure linear motion and pure rotary motion for the proposed rotatable and deployable sleeve mechanism using a two-DOF piezoelectric actuator.
IV. EXPERIMENTS AND DISCUSSIONS
A prototype of the two-DOF piezoelectric actuator was fabricated and the proposed deployable sleeve mechanism was assembled to verify the feasibility, as shown in Figure 9 . The electrodes in the two-DOF actuator were made of beryllium bronze via the wire-electrode cutting method. The inner sleeve and outer sleeve were made of duralumin alloy, and the weight of the inner sleeve was tested about 2.98 kg. A scanning laser doppler vibrometer (Model: PSV-400-M2, Germany) was employed to measure the vibration characteristics of the two-DOF piezoelectric actuator used in the proposed deployable sleeve mechanism. Figure 10 shows the measured methods for the three desired vibration modes of the actuator. It should be pointed out that area I and area II were selected to measure the B 5Y mode along Y axis and the B 5X mode along X axis, respectively. Besides, area III was used to test the vibration characteristics of the L 2Z mode along Z axis.
The vibration characteristics of the actuator were tested and the three desired vibration mode shapes were shown in Figure 11 . We can see from Figure 11 (a) that an up-and-down vibration is measured on the end surface of the actuator and the resonance frequency of L 2Z mode was tested as 22.31 kHz. Figure 11 (b) and (c) are the tested results of area I and area II, respectively, which shows that two bending vibrations with six wave nodes are generated on the two side surfaces of the two-DOF actuator. The resonance frequencies of B 5Y mode and B 5X mode were tested to be about 22.35 kHz and 22.25 kHz. It can be found that the resonance frequencies have little differences between the tested results and the modal simulation values. The main reasons resulted in these differences are the machining errors and the neglects of the electrodes and glue layers during the simulation. The linear stretching speeds of the inner sleeve along Z axis were tested under different phase shifts, as plotted Figure 12 . The voltage amplitude and exciting frequency were set as 300 V p−p and 22.35 kHz during the experiments. The preload between the driving foot and the inner sleeve was 100 N. The tested results indicate obviously that the linear stretching speed first increases with the increase of phase shift and then decreases, which means that there is an optimal phase shift between the exciting signals to move the inner sleeve. The inner sleeve achieved the maximum linear stretching speed about 530 mm/s when the phase shift was 75 • . Theoretically speaking, the optimal phase shift should be 90 • according to the stretching principles, such deviation is mainly caused by the vibration phase lag between the B 5Y mode and the L 2Z mode. VOLUME 6, 2018 Then, the rotary stretching speeds of the inner sleeve around Z axis under different phase shifts were tested and plotted in Figure 13(a) . The results show that it has the same variation tendency with the linear stretching speed shown in Figure 10 . The inner sleeve obtained the maximum rotary stretching speed about 240.2 • /s when the phase shift was 75 • . The vibration phase lag between the B 5Y mode and the B 5X mode is the main reason to make the optimal phase shift for rotary stretching motion smaller than its theoretical value of 90 • .
In addition, the spiral stretching motions of the proposed deployable sleeve mechanism were tested by changing the phase shift, as shown in Figure 13(b) . In the experiments, the phase shift between the exciting signals applied on the left and right PZT_LB electrodes changed from 0 to 180 • , and the phase shift between the exciting signals applied on the PZT_B and left PZT_LB electrodes was set as 90 • . The other experimental conditions were set as the same as that in Figure 12 and Figure 13(a) . It can be observed that the inner sleeve generates both the linear motion and the rotary motion simultaneously when the phase shift is set between 0 and 180 • , which denotes that the spatial stretching motion of the proposed deployable sleeve mechanism is excited and verified. The inner sleeve only moves along Z axis and rotates around Z axis when the phase shifts are 0 and 180 • , respectively, which coincides well with the illustrated linear and rotary stretching principles in the third section.
The stepping characteristics of the proposed deployable sleeve mechanism were tested to investigate its minimum output abilities under pulse exciting voltages. The tested results of the linear and rotary step distances of the inner sleeve versus the number of pulse exciting signal were plotted in Figure 13 (c) and (d). The voltage amplitude was set as 300 V p−p and the frequency was 22.35 kHz. The experimental results show that both the linear step distance and the rotary step distance increase with the increase of the pulse exciting signal number. The minimum output displacement along Z axis (that is the linear displacement resolution) of the proposed sleeve mechanism was tested as 2 µm when the pulse signal number was 11. The rotary displacement resolution around Z axis of the inner sleeve was tested to be about 0.0021 • under the pulse signal number of 13. The experimental results under stepping mode demonstrate that the proposed deployable sleeve mechanism has the precise motion abilities both along Z axis and around Z axis.
The transient response characteristics of the proposed deployable sleeve mechanism were tested when the inner sleeve was driven to stretch linearly along Z axis, as plotted in Figure 14 . The results indicate that the used two-DOF piezoelectric actuator has the merit of quick transient response with a starting time about 28 ms and a stopping time about 20 ms, respectively. It should be noted that the stretching speed has slightly oscillations during the stable stage, which is mainly caused by the uneven contact surface between the driving foot and the inner sleeve. In addition, the results also show that the proposed deployable sleeve mechanism can realize its self-lock via the used two-DOF piezoelectric actuator when power off under the friction effect between the contact interfaces.
The output characteristics of the two-DOF piezoelectric actuator used in the proposed deployable sleeve mechanism were compared with some existing multi-DOF ultrasonic motors, as listed in Table 3 . Takemura et al. used the first longitudinal vibration and two second bending vibrations of a sandwich transducer with free-free beam configuration to design a multi-DOF rotary ultrasonic motor [33] . The motor also could drive a runner like the inner sleeve linearly and rotationally in principle. But, it adopts only one driving foot at its one end, which leads to a larger size in axial direction and wastes part of vibration energies. Thus, such design is unsuitable for application in deployable mechanism as it will waste the limited resources and occupy more space to transport. The tested results show that the motor drives a rotor with 10 mm in diameter at a velocity of 350 r/min, which also states that it cannot satisfy the application demand for heavy load in practice. Mashimo et al. designed series of rotary-linear ultrasonic motors by employing the cubic stator with bonded-type configuration. The motor reported in [38] is a representative one of these motors. Such motor moved an output shaft with mass of 93 g at the linear and rotary speeds about 63 mm/s and 160 rpm. The results state that the load capacity of this motor is relatively low as well. In addition, the preload of the motor was guaranteed via interference fit between the stator and the output shaft, which also means that this type of motor cannot work for a long time because the wear between the stator and the shaft will destroy the preload. The two-DOF actuator used in the proposed deployable sleeve mechanism adopts a fixed beam structure and its driving foot is set at its middle part, which can avoid generating idle vibrations and wasting the limited resources when it is applied in aerospace device. Besides, the actuator is set in parallel with the inner sleeve, which makes the whole system has a very compact structure and can save the limited space. The results show that the actuator has good performance with the linear and rotary velocities of 530 mm/s and 240.2 • /s when it drives an inner sleeve with mass of 2.98 kg.
V. CONCLUSION
A rotatable and deployable sleeve mechanism, which realized linear, rotary and spatial stretching functions by using a two-DOF piezoelectric actuator, was proposed. The stretching motions were realized by the composition among the B 5X mode along X axis, the B 5Y mode along Y axis and the L 2Z mode along Z axis, and their principles were illustrated in detail and simulated by the finite element method. The structure of the proposed deployable sleeve mechanism was designed and the geometrical dimensions of the two-DOF piezoelectric actuator were determined after modal analysis. The proposed sleeve mechanism gained the maximum linear and rotary stretching speeds of 530 mm/s and 240.2 • /s under the voltage amplitudes, phase shifts and inner sleeve mass of 300 V p−p , 75 • and 2.98 kg, respectively. The spiral stretching motion of the proposed sleeve mechanism was verified experimentally by applying three exciting signals simultaneously. The inner sleeve can be driven precisely with linear and rotary displacement resolutions about 2 µm and 0.0021 • under the excitation of pulse voltages. This work provides a very effective method for the design of the deployable sleeve mechanism with both linear and rotary stretching motion demands. The closed-loop control of the deployable sleeve mechanism for its smooth operations will be the main research focus in the next work. 
